This paper presents beam lifetime measurements at the BESSY I1 storage ring and their interpretation.
INTRODUCTION
The beam lifetime is one of the key parameters of a highbrilliance synchrotron radiation source [ I ] [2] . Commissioning of the BESSY I1 storage ring in Berlin-Adlershof started in April 1998 [3] . At the time of writing (February 1999), the vacuum vessel was baked out in 3 of 8 sections at 12OOC. During the commisioning period, major parts of the chamber had to he vented several times in order to install new components, and the vacuum is still in a transitory state. It is nevertheless desirable to understand the factors that will ultimately limit the beam lifetime once the vacuum has improved.
Presently, the beam lifetime is clearly dominated by residual gas scattering. Elastic (Coulomb) scattering on the gas nuclei excites betatron oscillations that may exceed the aperture, while inelastic scattering (Bremsstrahlung) on nuclei and electrons leads to momentum loss. Off-momentum electrons can exceed the momentum acceptance given by the rf bucket, or may hit the aperture when displaced by dispersion. In addition, a betatron oscillation is excited if the momentum change happens in a dispersive region. 
I
Once the vacuum has further improved by beam cleaning and hake-out, the Touschek effect will gain importance: when two electrons within a hunch collide, one acquires and the other looses momentum with the same consequences as described above.
The aim of this work was to obtain a consistent picture of the observed heam lifetime under variation of several parameters. As it turns out, the inclusion of other effects (quantum lifetime, ion-related heam loss, etc.) is not required to interpret the data presented below.
THEORY
In this section, the relations used in the analysis are reviewed. A list of symbols is given in table I.
The beam lifetime r is defined by the current decay rate 11' = -I / I , which is the sum of the Touschek (T) rate and the gas scattering (G) rate
The Touschek decay rate can he written as (e.g. The distinctly different dependence of Touschek scattering and inelastic gas scattering on the momentum acceptance A p j p (equations 2 and 4) can he used to distinguish the two effects by changing the rf voltage (which also changes the bunch length). Coulomb scattering is identified by variation of the physical aperture using scrapers.
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MEASUREMENTS AND RESULTS
The data shown below were taken in February 1999. The beam lifetime was deduced from the beam current measured by a current transformer. Low currents (-l mA) were measured by monitoring synchrotron light with a photodiode [6].
Beam Lifetime versus Current
The gas scattering rate increases with beam current due to synchrotron radiation desorption. However, given a finite pumping rate, the correlation is not necessarily linear and depends on the vacuum history.
The linear dependence of the Touschek rate on the numher of particles per bunch (equation 2) is modified by turbulent bunch lengthening and transverse emittance growth due to intrabeam scattering or instabilities, In view of these uncertainties, the dependence of the lifetime on the beam current was not analysed. Instead, the lifetime was measured as function of rf voltage and aperture within short time intervals at nearly constant current, and the experiments were restricted to 5 100 mA.
3.2
Under the assumption that the momentum acceptance upto A p f p = 0.03 is determined by the rf bucket and not by aperture restrictions (which was a design constraint for the vacuum chamber [5]), the curves in figure 1 show the lifetime as function of A p / p in the limits of gas scattering and Touschek scattering (solid lines), and different combinations thereof (dashed lines).
The graphs show the lifetime normalized to TO, the lifetime at A p / p = 0.03, and do not depend on the actual gas pressure. Some uncertainty remains: (1) The ratio between elastic and inelastic gas scattering depends on io, the average beta function weighted with the local gas pressure.
Theoretical pressure profiles suggest values of p = 10-14 m, depending on the beam current. (2) The choice of Z determines the ratio between scattering on gas nuclei and electrons (the latter being of minor importance). The measured data shown in figure 1 for beam currents between 1 mA and 100 mA are consistent with the theoretical expectation. Figure 2 presents the gas scattering and Touschek decay rates deduced from a fit to the data. In the limit of zero current, the gas scattering rate approaches a finite value, while the Touschek rate vanishes as expected.
At 80 mA, the increase of the Touschek rate is apparently halted by instabilities. The respective lifetime contributions are listed in table 2 for I O mA and 100 mA.
As another confirmation of the Touschek effect, the bottom part of figure 1 shows data for 22 mA in 60 bunches (FWHM of the bunch train) and in 15 bunches. The increased bunch current is indeed reflected by a stronger Touschek contribution. 
Beam Lifetime versus Rf

Beam Lifetime versus Aperture
Moving vertical scrapers towards the beam increases the at 10 mA and 100 mA. The fact that the fit describes the 10 mA data well confirms the theoretical Bremsstrahlung rate. At larger currents, the inclusion of a small Touschek contribution, increasing with current, clearly improves the fit. As a further confirmation, the Touschek rate was boosted by reducing the rf voltage. Figure 3 (bottom) shows a fit to these data, which agrees well with the expectation. The small deviation at 3-4 mm is not yet understood.
The undulator chambers with 8 mm half-height are presumed to he the limiting apertures, whereas the fits yield a ~6 . 2 -6 . 4 mm at the undulator entrance. A better agreement cannot be expected since equation 3 is based on purely linear beam optics. Furthermore, the beam may be not exactly on the chamber axis, the dynamic aperture may be smaller than the physical aperture, and the beam cross section may he tilted due to coupling.
CONCLUSIONS AND OUTLOOK
The BESSY I1 beam lifetime is consistent with the assumption of residual gas scattering and Touschek scattering as limiting effects. At the time of the experiment, the lifetime was 10 h at low current, corresponding to an average Ns-equivalent pressure of 4. lo-' hPa. A further improvement of the vacuum by an order of magnitude can he expected, and the lifetime will he ultimately limited by Touschek scattering. The Touschek lifetime was found to he 20 h at 100 mA in 60 bunches. The measured horizontalvertical coupling was 1.9%. For this case, calculations using the code ZAP [7] suggest a hunch length of 8 mm and aTouscheklifetime of 15 h.
Larger beam currents, improvement of the coupling to well below 1%, and the operation of feedback systems against longitudinal and transverse multihunch instabilities [SI will certainly increase the Touschek rate. On the other hand, the hunch current can be reduced by filling more buckets (-300). Furthermore, the design of passive third-harmonic rf cavities to increase the bunch length is in progress. 
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